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We present new sulfur and oxygen isotope data in sulfate (d34SSO4 and d
18OSO4 , respectively), from globally distributed mar-
ine and estuary pore ﬂuids. We use this data with a model of the biochemical steps involved in bacterial sulfate reduction
(BSR) to explore how the slope on a d18OSO4 vs. d
34SSO4 plot relates to the net sulfate reduction rate (nSRR) across a diverse
range of natural environments. Our data demonstrate a correlation between the nSRR and the slope of the relative evolution
of oxygen and sulfur isotopes (d18OSO4 vs. d
34SSO4 ) in the residual sulfate pool, such that higher nSRR results in a lower slope
(sulfur isotopes increase faster relative to oxygen isotopes). We combine these results with previously published literature data
to show that this correlation scales over many orders of magnitude of nSRR. Our model of the mechanism of BSR indicates
that the critical parameter for the relative evolution of oxygen and sulfur isotopes in sulfate during BSR in natural environ-
ments is the rate of intracellular sulﬁte oxidation. In environments where sulfate reduction is fast, such as estuaries and mar-
ginal marine environments, this sulﬁte reoxidation is minimal, and the d18OSO4 increases more slowly relative to the d
34SSO4 . In
contrast, in environments where sulfate reduction is very slow, such as deep sea sediments, our model suggests sulﬁte reox-
idation is far more extensive, with as much as 99% of the sulfate being thus recycled; in these environments the d18OSO4
increases much more rapidly relative to the d34SSO4 . We speculate that the recycling of sulﬁte plays a physiological role during
BSR, helping maintain microbial activity where the availability of the electron donor (e.g. available organic matter) is low.
 2013 Elsevier Ltd. Open access under CC BY license.1. INTRODUCTION
1.1. General
During the anaerobic oxidation of organic matter, bac-
teria respire a variety of electron acceptors, reﬂecting both
the relative availability of these electron acceptors in the
natural environment, as well as the decrease in the free en-
ergy yield associated with their reduction (Froelich et al.,0016-7037 2013 Elsevier Ltd.
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Open access under CC BY license.1979). The largest energy yield is associated with aerobic
respiration (O2), then denitriﬁcation (NO3
), then manga-
nese and iron reduction, followed by sulfate reduction
(SO4
2) and ﬁnally fermentation of organic matter into
methane through methanogenesis (Froelich et al., 1979;
Berner, 1980). Due to the high concentration of sulfate in
the ocean (at least two orders of magnitude more abundant
than oxygen at the sea surface), dissimilatory bacterial sul-
fate reduction (BSR) is responsible for the majority of oxi-
dation of organic matter in marine sediments (Kasten and
Jørgensen, 2000). In addition, the majority of the methane
produced during methanogenesis in marine sediments is
oxidized anaerobically by sulfate reduction (e.g. Niewo¨hner
et al., 1998; Reeburgh, 2007). The microbial utilization of
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of carbon in the subsurface.
At a cellular level, the biochemical steps during BSR
have been well studied over the past 50 years (Harrison
and Thode, 1958; Kaplan and Rittenberg, 1964; Rees,
1973; Farquhar et al., 2003; Brunner and Bernasconi,
2005; Wortmann et al., 2007; Eckert et al., 2011; Holler
et al., 2011). During BSR, bacteria respire sulfate and pro-
duce sulﬁde as an end product. This process consists of at
least four major intracellular steps (e.g. Rees, 1973; Can-
ﬁeld, 2001a and Fig. 1): during step 1, the extracellular sul-
fate enters the cell; in step 2, the sulfate is activated with
adenosine triphosphate (ATP) to form Adenosine 50 Phos-
phosulfate (APS); in step 3, the APS is reduced to sulﬁte
(SO3
2); and in step 4 the sulﬁte is reduced to sulﬁde. It
is generally assumed that all four steps are reversible (e.g.
Brunner and Bernasconi, 2005; Eckert et al., 2011). The
reduction of sulﬁte to sulﬁde (step 4) remains the most enig-
matic, and may occur in one step with the enzyme dissimi-
latory sulﬁte reductase or through the multi-step trithionite
pathway producing several other intermediates (e.g. trithio-
nate (S3O6
2) and thiosulfate (S2O3
2) – Kobayashi et al.,
1969; Brunner et al., 2005; Sim et al., 2011a; Bradley
et al., 2011); although there is evidence that whatever path-
way step 4 occurs through, it is also reversible (Trudinger
and Chambers, 1973; Trudinger and Chambers, 1973;Eck-
ert et al., 2011; Holler et al., 2011; Tapgaar et al., 2011).
Given that each of the four steps is reversible, under-
standing the relative forward and backward ﬂuxes at each
step and how these ﬂuxes relate to the overall rate of sulfate
reduction, is critical for understanding the link between the
BSR and the rate of organic matter oxidation. Changes in
environmental conditions (e.g. temperature, carbon sub-
strate, pressure) likely impact the relative forward and
backward ﬂuxes at each step within the cell as well as the
overall rate of BSR, but the relative role of these factors
with respect to one another in the natural environment re-
mains elusive. Within the marine subsurface, measurements
of sulfate concentrations in sedimentary pore ﬂuids and
subsequent diﬀusion-consumption modeling of the rate of
sulfate depletion with depth can be used for calculating
the overall rate of sulfate reduction below the ocean ﬂoor
(e.g. Aller and Blair, 1996; Berner, 1980; D’Hondt et al.,Fig. 1. The steps of bacterial sulfate reduction and the potential of oxygen
and the fractionation eﬀect for sulfur and oxygen, respectively, for the for
2 and 3) is the ratio between the backward and forward ﬂuxes.2004; Wortmann, 2006; Wortmann et al., 2007). These sul-
fate concentration proﬁles alone, however, cannot provide
details about how the individual biochemical steps at a cel-
lular or community level may vary with depth or under dif-
ferent environmental conditions.
A particularly powerful tool for studying these biochem-
ical steps during BSR (hereafter termed the ‘mechanism’ of
BSR) is sulfur and oxygen isotope ratios measured in the
residual sulfate pool while sulfate reduction progresses
(Mizutani and Rafter, 1973; Fritz et al., 1989; Bo¨ttcher
et al., 1998; Aharon and Fu, 2000, 2003; Brunner et al.,
2005; Turchyn et al., 2006, 2010; Wortmann et al., 2007;
Farquhar et al., 2008; Aller et al., 2010). With respect to
isotopes, we refer to the ratio of the heavier isotope of sul-
fur or oxygen (34S or 18O) to the lighter isotope (32S or 16O),
reported in delta notation relative to a standard (VCDT for
sulfur and VSMOW for oxygen) in parts per thousand or
permil (&).
Although both sulfur and oxygen isotopes are parti-
tioned during each intracellular step, their relative behavior
(e.g. d18OSO4 vs. d
34SSO4 ) in the natural environment is not
fully understood. The sulfur isotope composition of sulfate
(d34SSO4 ) typically increases monotonically as BSR pro-
gresses (e.g. Harrison and Thode, 1958; Kaplan and Ritten-
berg, 1964; Rees, 1973). This occurs because most of the
enzymatic steps during BSR preferentially select the lighter
sulfur isotope (32S), slowly distilling it into the produced
sulﬁde pool and leaving 34S behind. The magnitude of the
sulfur isotope partitioning (fractionation) during the overall
process of BSR can be as high as 72& (Wortmann et al.,
2001; Brunner and Bernasconi, 2005; Sim et al., 2011a).
Theoretical and experimental studies have suggested that
this magnitude is a function of microbial metabolism and
carbon source (e.g. Bru¨chert, 2004; Sim et al., 2011b),
amount of sulfate available (e.g. Canﬁeld, 2001b; Habicht
et al., 2002), and temperature (e.g. Bru¨chert et al., 2001;
Canﬁeld et al., 2006). In addition, previous studies also
noted a relationship between the magnitude of the sulfur
isotope fractionation and the sulfate reduction rate (Kaplan
and Rittenberg, 1964; Rees, 1973; Chambers et al., 1975).
This relationship has been shown in pure culture experi-
ments (e.g. Canﬁeld et al., 2006), batch culture experiments
using natural populations (e.g. Stam et al., 2011) andand sulfur isotopic fractionations. ij_j, e
34Si_j and e
18Oi_j are the ﬂux
ward (i = f) and backward (i = b) reaction j (j = 1, . . ., 4). Xk (k = 1,
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Fu, 2000; Wortmann et al., 2001); in all these studies, high-
er sulfur isotope fractionation corresponded to slower sul-
fate reduction rates.
On the other hand, the d18OSO4 has shown variable
behavior during BSR in natural environments. In some
cases, the d18OSO4 exhibits a linear relationship with
d34SSO4 , also suggesting a distillation of the light isotope
from the reactant sulfate. The magnitude of the oxygen iso-
tope fractionation during this distillation was suggested to
be 25% of the magnitude for sulfur isotopes (Mizutani
and Rafter, 1969), although it has been observed to range
between 22% (Mandernack et al., 2003) and 71% (Aharon
and Fu, 2000). In most measurements of d18OSO4 during
BSR in the natural environment, however, the d18OSO4 in-
creases initially until it reaches a constant value and does
not increase further, while the d34SSO4 may continue to in-
crease (e.g. Fritz et al., 1989; Bo¨ttcher et al., 1998, 1999;
Turchyn et al., 2006; Wortmann et al., 2007; Aller et al.,
2010; Zeebe, 2010). This ‘oxygen isotope equilibrium’ value
(usually between 22& and 30& in most natural environ-
ments) has been shown to depend on the d18O of the ambi-
ent water (Mizutani and Rafter, 1973; Fritz et al., 1989;
Brunner et al., 2005; Mangalo et al., 2007, 2008). Because
the timescale for oxygen isotope exchange between sulfate
and water is exceptionally slow (e.g. Lloyd, 1968; Chiba
and Sakai, 1985; Zak et al., 1980.), it has been suggested
that, during BSR, oxygen isotopes of sulfur intermediate
species such as APS and SO3
2 exchange oxygen atoms
with water (Mizutani and Rafter, 1973; Fritz et al., 1989).
Recent studies have suggested that it is more likely sulﬁte
when bound in the AMP-sulﬁte complex facilitates this oxy-
gen isotopic exchange (Kohl and Bao, 2006; Wortmann
et al., 2007; Brunner et al., 2012; Kohl et al., 2012). This re-
quires that some percentage of the sulfate that is brought
into the cell does not get reduced all the way to sulﬁde
but undergoes oxygen isotope exchange with water, reoxi-
dation to sulfate, and release back to the extracellular sul-
fate pool (Mizutani and Rafter, 1973; Fritz et al., 1989;
Brunner et al., 2005, 2012; Mangalo et al., 2007, 2008;
Wortmann et al., 2007; Farquhar et al., 2008; Turchyn
et al., 2010).
Interpreting the relative evolution of the d18OSO4 and the
d34SSO4 in the extracellular sulfate pool during BSR in nat-
ural environments, and what this relative evolution tells us
about the enzymatic steps during sulfate reduction remains
confounding. Fig. 2 shows schematically how pore ﬂuid sul-
fate and sulfur and oxygen isotope proﬁles often look in
nature, where pore ﬂuid sulfate concentrations decrease be-
low the sediment–water interface and the oxygen and sulfur
isotope ratios of sulfate increase, but may evolve diﬀerently
relative to one another. One question is what are the factors
controlling BSR in natural environments when the coupled
sulfur and oxygen isotopes increase linearly (Trend A),
compared to when they are decoupled and oxygen isotopes
are seen to plateau (Trend B)? A second problem is that the
majority of our understanding of the biochemical steps dur-
ing BSR comes from pure culture studies; how does this
understanding translate, if at all, to the study of BSR in
the natural environment?In this paper we will forward this discussion by present-
ing a compilation of sulfur and oxygen isotopes in pore ﬂu-
ids, including seven new sites collected over a range of
diﬀerent subsurface marine and near-marine environments,
covering a broad range of sulfate reduction rates. This will
allow us to investigate how the relative behavior of the sul-
fur and oxygen isotopes varies in these diﬀerent environ-
ments. We will begin with a discussion of modeling sulfur
and oxygen isotope evolution during BSR, most of which
is a review of previous seminal work. We will then discuss
how these models for the biochemical steps during BSR
can be applied to pore ﬂuids in the natural environment. Fi-
nally, we will present our results, along with a compilation
of previously published data into the context of our model.
1.2. Kinetic and equilibrium isotope eﬀects on sulfur and
oxygen isotopes during dissimilatory bacterial sulfate
reduction (BSR)
The overall sulfur and oxygen isotope fractionation dur-
ing BSR should be the integration of the various forward
and backward ﬂuxes at each step with any corresponding
isotope fractionation at each step, be it kinetic or equilib-
rium (Fig. 1 and Rees, 1973). In this section we will outline
the previous modeling eﬀorts and the related equations,
upon which our model (Section 2) is based. We begin with
sulfur isotopes, which have been more extensively studied
than oxygen isotopes. The total sulfur isotope fractionation
was ﬁrst calculated by Rees (1973):
e34Stotal ¼ e34Sf 1 þ X 1  ðe34Sf 2  e34Sb 1Þ þ . . .
X 1  X 2  ðe34Sf 3  e34Sb 2Þ þ X 1  X 2  X 3  ðe34Sf 4  e34Sb 3Þ
ð1Þ
where e34Stotal is the total expressed sulfur isotope fraction-
ation, e34Si_j is the sulfur isotope fractionation during the
forward (i = f) and backward (i = b) reaction j (where
j = 1, . . ., 4) and Xk (where k = 1, 2, 3) is the ratio between
the backward and forward ﬂuxes of the respective intracel-
lular steps (Fig. 1). The overall expressed sulfur isotope
fractionation in the residual sulfate pool, according to this
model, is always dependent on the isotope fractionation in
the ﬁrst step (the entrance of sulfate into the cell). The frac-
tionation during the subsequent steps can be expressed in
the residual sulfate pool only if there is a backward reaction
at each step and a ﬂux of sulfate back out of the cell. The
overall expressed sulfur isotope fractionation has been
linked to various environmental factors that must result
in changes in the relative forward and backward ﬂuxes at
each step (Rees, 1973; Farquhar et al., 2003, 2007; Brunner
and Bernasconi, 2005; Canﬁeld et al., 2006; Johnston et al.,
2007).
The sulfur isotope fractionation for the forward reaction
at steps 1, 3 and 4 (Fig. 1), that is, sulfate incorporation into
the cell, the reduction of APS to sulﬁte, and the reduction
of sulﬁte to sulﬁde, are understood to be 3&, 25& and
25& respectively (all others steps are assumed to have no
sulfur isotope fractionation, Rees, 1973). Therefore, Eq.
(1) can be written as:
e34Stotal ¼ 3&þ X 1  X 2  25&þ X 1  X 2  X 3  25& ð2Þ
Fig. 2. Schematic possible behavior of sulfate during bacterial sulfate reduction as SO4
2, d18OSO4 and d
34SSO4 proﬁles (a) and d
18OSO4 vs.
d34SSO4 (b). ‘Trend A’ shows that d
18OSO4 and d
34SSO4 increase at a constant ratio, while sulfate reduction propagates with depth (e.g. Aharon
and Fu, 2000). ‘Trend B’ shows an increase in d34SSO4 and d
18OSO4 values at the onset of the curve, d
18OSO4 reaches equilibrium values as
sulfate reduction prorogates with depth while d34SSO4 continue to increase.
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ation larger than 3&, there must be back reactions during
at least the ﬁrst three steps. It has also been observed that
the total expressed sulfur isotope fractionation during
BSR decreases with increased sulfate reduction rates (e.g.
Aharon and Fu, 2000; Canﬁeld et al., 2006; Stam et al.,
2011; Sim et al., 2011b). This suggests, as previous research
has concluded, that as the sulfate reduction rate increases,
backward reactions become less signiﬁcant relative to for-
ward reactions, and the total sulfur isotope fractionation
approaches the fractionation associated with transfer of
sulfate through the cell wall (Canﬁeld, 2001a,b).
Eq. (2) predicts a maximum possible expressed sulfur
isotope fractionation during BSR of 47&. However, partic-
ularly in natural environments, the measured sulfur isotope
fractionation can often exceed these values, reaching up to
72& (Habicht and Canﬁeld, 1996; Wortmann et al., 2001).
Such large oﬀsets are often attributed to repeated redox cy-
cles of sulfur in the subsurface: the initial reduction of sul-
fate through BSR, the subsequent reoxidation of sulﬁde to
elemental sulfur, followed by sulfur disproportionation to
sulfate and sulﬁde, which produces more sulfate for BSR
(Canﬁeld and Thamdrup, 1994). These repeated cycles al-
low for a larger overall expressed sulfur isotope fraction-
ation. Another explanation for the large sulfur isotope
fractionations observed in nature is the trithionite pathway,
in which the reduction of sulﬁte to sulﬁde (step 4) proceeds
through multiple steps rather than one (Kobayashi et al.,
1969; Brunner and Bernasconi, 2005; Johnston et al.,
2007; Bradley et al., 2011; Sim et al., 2011a). This could in-
duce additional sulfur isotope fractionation and result in
expressed sulfur isotope fractionation as large as 72&
(Brunner and Bernasconi, 2005; Sim et al., 2011a).
Deﬁning a relationship like Eq. (1) for oxygen isotopes is
somewhat more diﬃcult because both kinetic oxygen iso-
tope fractionation and equilibrium oxygen isotope fraction-
ation need to be considered. If we ﬁrst consider the case
where kinetic oxygen isotope fractionation is the only pro-
cess aﬀecting d18OSO4 during BSR, then the overall oxygen
isotope fractionation can be formulated similar to Eq. (1)
(Brunner et al., 2005):e18Ototal¼ e18Of 1þX 1  ðe18Of 2 e18Ob 1Þþ . . .
X 1 X 2  ðe18Of 3 e18Ob 2ÞþX 1 X 2 X 3  ðe18Of 4 e18Ob 3Þ
ð3Þ
In this case, the d18OSO4 and d
34SSO4 in the residual sulfate
pool will evolve in a similar manner and a linear
relationship should emerge when plotting one isotope ver-
sus the other (‘Trend A’ in Fig. 2). The ratio between
e18Ototal and e
34Stotal would then be equal to the slope of
this line.
However, the d18OSO4 also exhibits equilibrium oxygen
isotope fractionation during BSR, often linked to the isoto-
pic composition of the ambient water (Mizutani and Rafter,
1973; Fritz et al., 1989; Brunner et al., 2005, 2012; Mangalo
et al., 2007, 2008; Farquhar et al., 2008; Turchyn et al.,
2010; Zeebe, 2010). Field studies have found that this ‘equi-
librium isotope exchange’ results in the d18OSO4 in the resid-
ual sulfate pool evolving to a value between 22& and 30&,
across a range of natural environments (Bo¨ttcher et al.,
1998, 1999; Turchyn et al., 2006; Wortmann et al., 2007;
Aller et al., 2010). The fact that the d18OSO4 reaches a con-
stant value is interpreted as oxygen isotope exchange be-
tween intracellular sulfur intermediates and water. The
measured oxygen isotope equilibrium value therefore in-
cludes the kinetic oxygen isotope fractionation associated
with each step, the equilibrium partitioning of oxygen iso-
topes between intracellular water and the intermediate sul-
fur species, and any oxygen isotope fractionation associated
with the assimilation of oxygen atoms from water during
reoxidation. Because of the myriad of factors impacting
the observed equilibrium value of d18OSO4 , the measured va-
lue in the residual sulfate d18OSO4 is termed the ‘apparent
equilibrium’ (Wortmann et al., 2007). Turchyn et al.
(2010) formulated a mathematical term for the apparent
equilibrium of d18OSO4 , assuming full isotope equilibrium
between intra-cellular intermediates and water, and kinetic
oxygen isotope fractionation only during the reduction of
APS to sulﬁte (step 3):
d18OSO4ðA:EÞ ¼ d18OH2O þ e18Oexchange þ
1
X 3
 e18Of 3 ð4Þ
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‘apparent equilibrium’, d18OH2O is the isotopic composition
of the ambient water, e18Oexchange is the oxygen isotope
fractionation between sulﬁte in the AMP-sulﬁte complex
and ambient water, X3 is the ratio between the backward
and forward ﬂuxes at Step 3 as in Eq. (1) (Fig. 1) and
e18Of_3 is the kinetic oxygen isotope fractionation associ-
ated with APS reduction to sulﬁte.
In summary, current models for BSR suggest that sulfur
and oxygen isotopes in the residual sulfate pool respond to
changes in the relative forward and backward rates of reac-
tion, and isotope fractionation associated with each step
during BSR. The relative contribution of these various for-
ward and backward ﬂuxes and their individual isotope frac-
tionation should be expressed by diﬀerent relationships
between d18OSO4 and d
34SSO4 in sulfate as BSR progresses.
When the kinetic oxygen isotope fractionation outcompetes
the equilibrium oxygen isotope fractionation, the plot of
d18OSO4 vs. d
34SSO4 should exhibit a linear relationship
(‘Trend A’ in Fig. 2b – e.g. Mizutani and Rafter, 1969;
Aharon and Fu, 2000, 2003; Mandernack et al., 2003).
When the equilibrium isotope eﬀect dominates, a plot of
d18OSO4 vs. d
34SSO4 will tend concavely towards the ‘appar-
ent equilibrium’ (‘Trend B’ in Fig. 2b – e.g. Bo¨ttcher et al.,
1998, 1999; Turchyn et al., 2006; Aller et al., 2010). In be-
tween these two extremes, the relative intensity of the ki-
netic and equilibrium isotopic eﬀects will determine the
moderation of the curve and how quickly it reaches equilib-
rium, if at all.
It has been suggested that this relative evolution of the
d18OSO4 vs. d
34SSO4 during BSR should be connected to
the overall sulfate reduction rate (Bo¨ttcher et al., 1998,
1999; Aharon and Fu, 2000; Brunner et al., 2005) where
the steeper the slope on a plot of d18OSO4 vs. d
34SSO4 , the
slower the sulfate reduction rate. This suggestion was elab-
orated upon by Brunner et al. (2005), who formulated a
model for mass ﬂow during BSR. In this work, Brunner
et al. (2005) deduced that the overall SRR is important
for the relative evolution of d18OSO4 and d
34SSO4 , but that
the rate of oxygen isotope exchange between sulfur interme-
diates and water, and the relative forward and backward
ﬂuxes at each step further modiﬁes the evolution of
d18OSO4 vs. d
34SSO4 .
The above models as developed previously have ap-
plied largely to understanding the relative forward and
backwards steps during BSR in pure culture. We hypoth-
esize that we can investigate a wider range of sulfate
reduction rates in the natural environment, and thus are
poised to be able to address this relationship more com-
pletely. This is a particularly good juncture to investigate
this further as the models for BSR and the relationship be-
tween the mechanism and the couple sulfate isotopes have
experienced several signiﬁcant advances in recent years
(e.g. Brunner et al., 2005, 2012; Wortmann et al., 2007).
Although there are potentially other processes in natural
environments that may impact the measured d18OSO4 vs.
d34SSO4 – for example anaerobic pyrite oxidation (e.g. Bal-
ci et al., 2007; Brunner et al., 2008; Heidel and Tichomir-
owa, 2011; Kohl and Bao, 2011), or sulfur
disproportionation (Cypionka et al., 1998; Bo¨ttcheret al., 2001, 2005; Bo¨ttcher and Thamdrup, 2001; Aharon
and Fu, 2003; Blake et al., 2006; Aller et al., 2010), we feel
there is signiﬁcant knowledge to be gained by revisiting
the mechanism of BSR as deduced from geochemical anal-
ysis of pore ﬂuids.
The use of the evolution of the d18OSO4 vs. d
34SSO4 to in-
form the biochemical steps during BSR has been applied in
two previous studies. Wortmann et al. (2007) produced a
detailed study of an ODP site oﬀ the coast of southern Aus-
tralia and Turchyn et al. (2006) studied 11 ODP sites oﬀ the
coasts of Peru, Western Africa and New Zealand. Both
studies found a rapid increase in the d34SSO4 , while the
d18OSO4 increased and then leveled oﬀ (similar to ‘Trend
B’ in Fig. 2). Both Wortmann et al. (2007) and Turchyn
et al. (2006) used their data with reactive transport models
to calculate the relative forward and backward ﬂuxes
through bacterial cells during BSR. These studies, which
greatly advanced our understanding of in situ BSR, focused
on deep-sea sediments, with necessarily slow sulfate reduc-
tion rates. Furthermore, both of these studies considered
only one branching point within the microbial cell, whereas
more recent models of the mechanism of BSR have invoked
the importance of at least two branching points to help ex-
plain the decoupled sulfur and oxygen isotopes during BSR
(Brunner et al., 2005, 2012).
In this paper, we will present sulfur and oxygen isotopes
of pore ﬂuid sulfate from seven new sites with sulfate reduc-
tion rates that span many orders of magnitude. We will
combine our new data with previously published results
of subsurface environments where sulfur and oxygen iso-
topes in sulfate have been reported. We will use a model de-
rived from the equations above, to understand how the
relative evolution of sulfur versus oxygen isotopes in pore
ﬂuid sulfate inform us about the intracellular pathways
and rates involved in BSR.
2. MODEL FOR OXYGEN ISOTOPE DURING BSR
2.1. The proposed model for oxygen isotopes in sulfate
Our model for oxygen isotopes in sulfate is derived
from the work of Brunner et al. (2005, 2012). In order
to understand the relative evolution of sulfur and oxygen
isotopes in sulfate during BSR in pure culture, Brunner
et al. (2005, 2012) solved a time dependent equation in
which the oxygen isotope exchange between sulfur inter-
mediates and ambient water and the cell speciﬁc sulfate
reduction rates are the ultimate factors controlling the
slope of d18OSO4 vs. d
34SSO4 during the onset of BSR.
For the purpose of this study (as applied to natural envi-
ronments rather than pure cultures) we reconsider this
model in three ways. First, the cell speciﬁc sulfate reduc-
tion rate varies over orders of magnitudes in diﬀerent
natural environments, yet the relative evolution of
d18OSO4 vs. d
34SSO4 plot versus depth may exhibit the
same pattern. Therefore, we suggest that any time depen-
dent process related to the isotope evolution (e.g. the rate
of the oxygen isotopic exchange between ambient water
and sulfur intermediate such as sulﬁte) is faster than
the other biochemical steps during BSR. Second, in the
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lue for the d18OSO4 depended critically on the value of
d18O of the ambient water. However, the equilibrium va-
lue for d18OSO4 in natural environments shows a range
(22–30&) that cannot be explained only by the variation
in d18O of the ambient water (which ranges from 0& to
4&). It was initially suggested that these equilibrium
values may reﬂect oxygen isotope equilibrium at diﬀerent
temperatures (Fritz et al., 1989) although more recent
studies have shown that the temperature eﬀect is small
(2& between 23 and 4 C – Brunner et al., 2006; Zeebe,
2010). Temperature may impact the relative intracellular
ﬂuxes during BSR (Canﬁeld et al., 2006), and this will
change the apparent equilibrium value (Turchyn et al.,
2010). For our model, therefore, we attribute the change
in the d18OSO4 to change in the mechanism of the BSR
and not to changes in the d18O of the water. Third, the
model of Brunner et al. (2005, 2012) ruled out a linear
relationship between d18OSO4 and d
34SSO4 which has not
been observed in pure culture. Our model will need to ac-
count for a linear relationship, which has been observed
in natural environments.
To address these issues, we remove the characteristic
timescale used by Brunner et al. (2005, 2012) for the cell-
speciﬁc sulfate reduction rate and focus instead on how
the diﬀerent ﬂuxes at each step impact the evolution of
d18OSO4 vs. d
34SSO4 . We further allow changes in the equilib-
rium values of the d18OSO4 due to a combination of equilib-
rium and kinetic oxygen isotope eﬀects (apparent
equilibrium) rather than through a change in the d18O of
the ambient water.
The assumptions in our model include:
 The system is in steady state. This means SRR = fi  bi
(where i = 1, 2, 3—Fig. 1).
 We model oxygen isotopic exchange between ambient
water and the sulﬁte (Betts and Voss, 1970; Horner
and Connick, 2003), recognizing that this exchange
may occur when sulﬁte is already bound in the AMP-
sulﬁte complex. This oxygen isotope exchange contrib-
utes three oxygen atoms to the sulfate that will ulti-
mately be produced during reoxidation, while the
fourth oxygen atom is gained during the reoxidation
of the AMP-sulﬁte complex to sulfate (Wortmann
et al., 2007; Brunner et al., 2012).
 Oxygen isotopic exchange was considered to be much
faster with respect to other biochemical steps, which
means, that for any practical purpose, the sulﬁte is con-
stantly in isotopic equilibrium with the ambient water.
This results in a solution that is independent of the time-
scale of the problem. This is because the timescale for
this isotope exchange, given intracellular pH (6.5–7—
Booth, 1985), should shorter than minutes (Betts and
Voss, 1970).
 The kinetic oxygen isotopic fractionation during the
reduction of APS to sulﬁte (f3) is equal to 25% of the sul-
fur isotope fractionation (e18Of_3: e
34Sf_3 = 1:4) (Mizu-
tani and Rafter, 1969). This value for the kinetic
oxygen isotope fractionation is the lowest value that
was found in lab experiments, and therefore we considerit to be the closest to the real ratio between e18Of_3 and
e34Sf_3. This is assumption has not been made by Brun-
ner et al. (2005, 2012) and allows our model to simulate
a linear relationship between d18OSO4 and d
34SSO4 .
 Any kinetic oxygen isotope fractionation in step 4 (the
reduction of sulﬁte to sulﬁde) is not signiﬁcant for oxy-
gen isotopes, since oxygen isotope exchange during the
back reaction (step 3) resets the d18O of the sulﬁte.
 We simpliﬁed step 4 by making it unidirectional. We are
able to do this because recent work has suggested that
even if sulﬁde concentrations are high (>20 mM), only
10% of the sulﬁde is re-oxidized (Eckert et al., 2011)
which is insigniﬁcant with respect to the overall recycling
of other sulfur intermediates (Turchyn et al., 2006;
Wortmann et al., 2007).
The full derivation of the model equations using these
assumptions, and similar to the derivation in Brunner
et al., 2012, is in Appendix A and yields the following con-
tinuous solution for d18OSO4ðtÞ as function of d
34SSO4ðtÞ:
d18OSO4ðtÞ ¼
e18Ototal
e34Stotal
 ðd34SSO4ðtÞ d34SSO4ð0ÞÞ;þd18OSO4ð0Þ;
X 1 X 2 X 3¼ 0
d18OSO4ðA:EÞ expðh0 
d34SSO4ðtÞ d
34SSO4ð0Þ
e34Stotal
Þ
ðd18OSO4ðA:EÞ d18OSO4ð0Þ Þ; 0<X 1 X 2 X 3< 1
8>>>><
>>>>:
ð5Þ
where d18OSO4ðtÞ is the oxygen isotopic composition of the
residual sulfate at time t, d18OSO4ðA:EÞ is the oxygen isotopic
composition of the residual sulfate at apparent equilibrium
(see Section 1.2 above) and d18OSO4ð0Þ is the oxygen isotope
composition of the initial sulfate. The d34SSO4ðtÞ is the sulfur
isotopic composition of the residual sulfate at time t,
d34SSO4ð0Þ is the initial sulfur isotopic composition of the
residual sulfate, e34Stotal e
18Ototal are the overall expressed
sulfur and oxygen isotope fractionation, respectively, and
h0 is a parameter initially formulated by Brunner et al.
(2005, 2012). This parameter (h0) measures the ratio be-
tween the apparent oxygen isotope exchange and sulfate
reduction rate. However, since we assumed constantly full
oxygen isotopic equilibrium between sulﬁte and ambient
water, in our case this parameter should only be a function
of the ratio between the backward and forward ﬂuxes, and
is less impacted by changes in the initial isotopic composi-
tion of the sulfate, the isotopic composition of the water,
the kinetic isotope fractionation factor for step 3, or the
magnitude of the fractionation factor during oxygen isoto-
pic exchange (see Appendix A).
The solution to our model (Eq. (5)) suggests two distinct
phases for the relative evolution of d18OSO4 vs. d
34SSO4 during
BSR:
(1) Apparent linear phase. This phase refers to the initial
stage of BSR, where the sulfur and oxygen isotopic
compositions increase in the residual sulfate pool at
a constant ratio (see also ‘Trend b’ in Fig. 2b). The
ﬁrst-order Taylor series expansion around the
point (d34SSO4 , d
18OSO4 ) = (d
34SSO4ð0Þ, d
18OSO4ð0Þ) of
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d18OSO4 vs. d
34SSO4 at the onset of the BSR and is
equal to:
d18OSO4ðtÞ ¼ d18OSO4ð0Þ þ ðd18OSO4ðA:EÞ  d18OSO4ð0Þ Þ  h0
 d
34SSO4ðtÞ  d34SSO4ð0Þ
e34Stotal
ð6Þ
We term this the slope of the apparent linear phase (SALP)
in d18OSO4 vs. d
34SSO4 space:
SALP ¼ h0 
d18OSO4ðA:EÞ  d18OSO4ð0Þ
e34Stotal
ð7Þ
This equation suggests that the SALP is directly propor-
tional to h0. SALP is also inversely proportional to e
34Stotal.
(1) Apparent equilibrium phase. This phase refers to the
later phase of BSR where the oxygen isotope compo-
sition of the residual sulfate pool reaches a constant
value, while the sulfur isotope composition continues
to increase (Wortmann et al., 2007 and Turchyn
et al., 2010, see also ‘Trend b’ in Fig. 2b). Here we
modiﬁed the term for the apparent equilibrium of
d18OSO4 that was given by Turchyn et al. (2010),
and also presented in Eq. (4). This is because the term
that was formulated by Turchyn et al. (2010)
assumed that the uptake of sulfate into the cell (step
1) involves no kinetic isotope eﬀect for oxygen,
although a kinetic isotope eﬀect for sulfur does exist.
If there is a kinetic oxygen isotope fractionation dur-
ing sulfate uptake, (step 1) and during the reduction
of APS to sulﬁte (step 3), then the apparent equilib-
rium value of d18OSO4 (d
18OSO4ðA:EÞ) is given by (see
Appendix B for the full derivation):
d18OSO4ðA:EÞ ¼ d18OH2O þ e18Oexchange þ
e18Of 1
X 1  X 3
þ e
18Of 3
X 3
ð8Þ
Previous studies have used plots of h0 vs. e
34Stotal to inves-
tigate the mechanism of BSR (Turchyn et al., 2010; Brunner
et al., 2012). There is an ambiguity with calculating X1 and
X2 separately using isotopes since there is understood to be
no isotopic fractionation at step 2 (e.g. Rees (1973)). There-
fore, if we consider the two main intracellular branching
points in the schematic in Fig. 1 (similar to Farquhar
et al., 2003; Canﬁeld et al., 2006), we can rethink the reac-
tion schematic in Fig. 1 without the APS intermediate as
shown in Fig. 3 (another way to work around this ambigu-
ity is by merging steps 1 and 2 into one single step. This
choice would also have no impact on the calculation). In
this case, h0 is equal to (after Brunner et al., 2012):
h0 ¼ X 1  X 3
1 X 1  X 3 ð9Þ
and the e34Stotal according to Rees (1973) is:e34Stotal ¼ 3þ 25  X 1 þ 25  X 1  X 3 ð10Þ
We acknowledge the fact that recent studies have found sul-
fur fractionation much higher than 47& (e.g. Habicht and
Canﬁeld, 1996; Wortmann et al., 2001; Sim et al., 2011a),
which is the maximum fractionation that Eq. (10) predicts.
This however, can be solved by adding another branching
point and not by simply adding the additional fractionation
(about 50&) to step 3 (Brunner et al., 2012). Since it is not
clear what are the exact environmental constraints activate
the trithionite pathway, at this point, we stick to the tradi-
tional pathway and will examine if it can simulate pore ﬂuid
d18OSO4 and d
34SSO4 .
These equations provide unique solutions for X1 (the ra-
tio between sulfate being brought in and out of the cell) and
X3 (the ratio between the forward and backward ﬂuxes at
step 3). Because h0 and e
34Stotal can be written in terms of
X1 and X3, we can calculate e
34Stotal and h0 for a range of
X1 and X3 values and contour them on a h0 vs. e
34Stotal dia-
gram (Fig. 4). This allows us to depict variations in h0 vs.
e34Stotal in terms of variations in X1 and X3 during BSR.
X1 provides nearly vertical contours in h0 vs. e
34Stotal space,
suggesting that variations in the ﬂux at step 1 are the main
cause for changes in the expressed sulfur isotope fraction-
ation (e34Stotal), especially at lower values of X3. On the
other hand, X3 contours horizontally, suggesting that
changes in this step cause the most signiﬁcant impact on
h0. The plot of h0 vs. e
34Stotal (Fig. 4) has similarities with
the theoretical kH2S-SO4 vs. 1000 lnðr34H2S=r34SO4Þ diagram de-
signed by Farquhar et al. (2003). Both diagrams are based
on multiple reaction pathways for sulfate within the bacte-
rial cell. The rate and direction of these reactions control
the sulfur and oxygen isotope evolution of sulfate. We
can use the h0 vs. e
34Stotal to interpret the mechanism of
BSR for our data and previously published work. An exten-
sion would be to investigate the mechanism using a kH2S-SO4
vs. 1000 lnðr34H2S=r34SO4Þ diagram as more r33SO4 data be-
comes available.2.2. Testing the proposed model
Our changes to the existing models of bacterial sulfate
reduction now allow it to be applied to a wider range of
timescales and parameter space observed in natural envi-
ronments. We will apply it now to a pure culture study to
show its applicability. Mangalo et al. (2008) carried out ﬁve
pure culture experiments, with Desulfovibrio desulfuricans
and 18O enriched water (about 700&) and varied the nitrite
concentration. Nitrite is an inhibitor for the enzyme dissim-
ilatory sulﬁte reductase used in Step 4 (Greene et al., 2003).
Increased nitrite concentrations should, therefore, lead to
less reduction of sulﬁte to sulﬁde and potentially more recy-
cling of sulﬁte back to sulfate (Fig. 1). In other words, the
higher the nitrite concentration, the higher the backward
ﬂux at step 3 (the reoxidation of sulﬁte to APS), and h0
should increase.
The d18OH2O in these experiments was strongly enriched
in 18O (700&Mangalo et al., 2008). This allows us to inves-
tigate the contribution of each step during BSR to the evo-
lution of d18OSO4 vs. d
34SSO4 , since it signiﬁcantly reduces
Fig. 3. Simpliﬁcation of the bacterial sulfate reduction pathway shown in Fig. 1 without the APS intermediate, and considering two branching
points (Farquhar et al., 2003; Canﬁeld et al., 2006).
Fig. 4. h0 vs. e
34Stotal diagram as calculated by Eqs. (9) and (10). The gray circles are calculated from Mangalo et al. (2008). The numbers are
the values of nitrate concentrations in the corresponding experiment. Error bars are calculated by the error between two parallel growth
experiments.
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the h0 for each experiment in Mangalo et al. (2008) using
Eq. (7). The SALP was obtained from a linear regression
of d18OSO4 vs. d
34SSO4 presented in Mangalo et al. (2008)
and the sulfur isotope fractionation (e34Stotal) was taken
from their calculation. The Mangalo et al. (2008) data is
presented on the h0 vs. e
34Stotal diagram (Fig. 4).
By changing the nitrite concentration, Mangalo et al.
(2008) were indeed able to aﬀect the value of X3, the ratio
of the forward and backward ﬂuxes at step 3. Our analysis
shows that the SALP of each experiment shows a strong
correlation to the nitrite concentration (Fig. 5a) and with
X3 (Fig. 5b) (R
2 = 0.9987). However, it seems that there is
a poor correlation between X1 and the SALP (Fig. 5b)
(R2 = 0.3002). This suggests that X3 is directly responding
to nitrite concentration, conﬁrming that nitrite was inhibit-
ing sulﬁte reduction at step 4 (f4 decreases) and resulting in
more sulﬁte being reoxidized to APS (b3 increases). In addi-
tion, these results suggest that X3 is the dominant factor
controlling the SALP in these experiments.Analysis of the Mangalo et al. (2008) data shows that
the model may help calculate X1 and X3 during BSR in pure
culture. Application to the natural environment still re-
quires consideration of how the expression of the mecha-
nism of BSR will be seen within pore ﬂuid proﬁles, which
we will consider in Section 5. First we will present our ana-
lytical methods and results.3. METHODS
3.1. Study sites
We present pore ﬂuid proﬁles from seven new sites (see
Map, Fig. 6). The ﬁrst two sites, Y1 and Y2 are in the Yar-
qon Stream estuary, Israel (Fig. 6b), with a water depth of
2 m. Cores were taken using a gravity corer, total core
lengths were 29 and 9 cm, for Y1 and Y2 respectively.
The Yarqon estuary sediments have a very high organic
carbon content of 2.5% and are in contact with brackish
Fig. 5. The SALP vs. nitrite concentration (a) and X1 (grey squares) and X3 (black squares) vs. the SALP from pure culture D. desulfuricans
(modiﬁed after Mangalo et al., 2008) (b). Error bars for the SALP are calculated by the diﬀerence between two parallel growth experiments,
and the error bars for X1 and X3 indicate the maximum and minimum values calculated using Eqs. (9) and (10). The lines in panel (b) are the
best-ﬁt curves of the linear regression.
Fig. 6. Maps of the study area in a map of the world (a), and a map of the Eastern Mediterranean region (b). The dots and the corresponding
labels indicate the site locations and names, respectively.
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into the estuary.
Cores were collected at three sites on the shallow shelf of
the Eastern Mediterranean Sea oﬀ the Israeli coast; Sites
HU, 130 and BA1 (Fig. 6b), with water depths of 66, 58
and 693 m, respectively. Total core lengths for the three sites
were 234, 254 and 30 cm, respectively. The sediment from
site BA1 was collected using a box corer, while a piston corer
was used for sites 130 and HU. The organic carbon content
at these sites ranges from0.5–1.0%. Finally, pore ﬂuid pro-ﬁles are also presented from advanced piston cores collected
by the Ocean Drilling Program (ODP) at ODP Sites 1052
and 807. Site 1052 (Leg 171B), is located on Blake Nose
(NW Atlantic Ocean) at a water depth of 1345 m, with a to-
tal sediment penetration of 684.8 m (60.2% recovery). Site
807 (Leg 130) (Fig. 6a), is located on the Ontong-Java
Plateau (tropical NW Paciﬁc) at a water depth of 2805 m
with a total sediment penetration of 822.9 m (87.1% recov-
ery). The organic carbon content at Site 1052 it is below
1%, while at Site 807 ranges between 0.02% and 0.6%.
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The samples from the Yarqon estuary and the Eastern
Mediterranean sites were processed at Ben Gurion Univer-
sity of the Negev, Israel, usually on the same day as coring.
The cores were split into 1 cm slices under an argon purge.
The pore ﬂuids were extracted from each cm slice by centri-
fuging under an argon atmosphere to avoid oxygen con-
tamination. The samples were acidiﬁed and purged with
argon to remove sulﬁdes and prevent their oxidation to sul-
fate. The sulfate concentration in the pore ﬂuids from the
Yarqon estuary was measured by high performance liquid
chromatography (HPLC, Dionex DX500) with a precision
of 3%. The total sulfur (assumed to be only sulfate) concen-
trations from the Eastern Mediterranean were measured by
inductivity coupled plasma-atomic emission (ICP-AES, P-E
optima 3300) with a precision of 2%.
The ODP sediments were handled using standard ship-
board procedures. Sulfate concentrations of the pore ﬂuids
from the ODP Sites were measured by Dionex ion chro-
matograph onboard the ship. Pore ﬂuid sulfate from the
Yarqon estuary, the Eastern Mediterranean and the ODP
sites were then precipitated as barium sulfate (barite) by
adding a saturated barium chloride solution. The barite
was subsequently rinsed with acid and deionized water
and set to dry in a 50 C oven.
The sulfur and oxygen isotope composition of the
pore ﬂuid sulfate were analyzed in the Godwin Labora-
tory at the University of Cambridge. The barite precipi-
tate was pyrolyzed at 1450 C in a Temperature
Conversion Element Analyzer (TC/EA), and the resulting
carbon monoxide (CO) was measured by continuous ﬂow
GS-IRMS (Delta V Plus) for its d18OSO4 . For the d
34SSO4
analysis the barite was combusted at 1030 C in a Flash
Element Analyzer (EA), and resulting sulfur dioxide
(SO2) was measured by continuous ﬂow GS-IRMS (Ther-
mo, Delta V Plus). Samples for d18OSO4 were run in rep-
licate and the standard deviation of these replicate
analyses was used ( < 0.4&). The error for d34SSO4 was
determined using the standard deviation of the standard
NBS 127 at the beginning and the end of each run
(  0.2&). Samples for both d18OSO4 and d34SSO4 were
corrected to NBS 127 (8.6& for d18OSO4 and 20.3& for
d34SSO4 ). A second laboratory derived barite standard
was run for d18OSO4 (16&) to correct for linear changes
during continuous ﬂow over a range of d18OSO4 values
and to map our measurements more accurately in isotope
space. Since the bulk of our d18OSO4 data falls between
8& and 21&, these standards were appropriate for the
isotope range of interest.
4. FIELD RESULTS
The pore ﬂuid sulfate concentrations and oxygen and
sulfur isotope compositions for the seven new sites are
shown in Fig. 7. The cores from the Yarqon estuary (Y1,
29 cm and Y2, 9 cm, Fig. 7a–c) are similar and show almost
total depletion in pore ﬂuid sulfate (site Y1, Fig. 7c). As sul-
fate concentrations decrease, both the d18OSO4 and d
34SSO4
of the sulfate increase. At the greater depths, d34SSO4 contin-ues to increase, while d18OSO4 reaches a constant value of
23–24& (site Y1 Fig. 7c).
The results from sites BA1 (30 cm) HU (234 cm) and
P130 (254 cm) are shown in Fig. 7e–f. There is a maximum
of 40% consumption of sulfate, within the upper 234 cm at
Site HU, and within 250 cm at Site P130. Both the d18OSO4
and d34SSO4 increase with depth at both sites: the d
34SSO4 in-
creases to 30.3& and the d18OSO4 increases to 19.0& at site
HU, while at site P130 the d34SSO4 increases to 38.8& and
the d18OSO4 increases to 24.0&. At site BA1, d
18OSO4 and
d34SSO4 both increase while the pore ﬂuid sulfate concentra-
tion decreases (Fig. 7d–f).
In ODP Sites 807 and 1052, pore ﬂuid sulfate concentra-
tions remain constant in the upper 30 m, and then decrease
over the next 200 m by 25% and 50%, respectively
(Fig. 7g–i). At both Sites, the d34SSO4 increases with decreas-
ing sulfate concentrations, to values of 28–29& at 300 m.
The d18OSO4 also increases to 22–23& at both Sites.
5. DISCUSSION
5.1. Applying our time-dependent closed system model to pore
ﬂuid proﬁles
In this section we discuss the use of our model of BSR
(Sections 2.1 and 2.2) to understand what controls the rel-
ative evolution of d18OSO4 vs. d
34SSO4 in the natural environ-
ment. Applying what is eﬀectively a “closed system” model
to an “open system” (environmental pore ﬂuids) requires
understanding the physical parameters that control each
of the sulfate species concentrations (in our case
34S16O4
2, 32S 18O16O3
2 and 32S16O4
2) within the ﬂuids
in the sediment column (Jørgensen, 1979; Chernyavsky
and Wortmann, 2007; Donahue et al., 2008;Wortmann
and Chernyavsky, 2011).
In this study we utilize SALP, that is the relative
change of d18OSO4 vs. d
34SSO4 , rather than the d
18OSO4 va-
lue during apparent equilibrium although both hold
information about the mechanism of the BSR (see Eqs.
(7) and (8)). Focusing on SALP enables investigating
the mechanism of BSR from sites that were not cored
deep enough to observe apparent equilibrium (e.g.
Mediterranean Sea sediments from this study, Fig. 7d–
f). Also, it is not clear whether the d18OSO4 really reaches
equilibrium values at some sites (e.g. the ODP Sites,
Fig. 7g–i).
The outstanding question is how can we apply SALP as
observed in the relative evolution of the d18OSO4 and d
34SSO4
in the pore ﬂuids to the model for the biochemical steps
during BSR as derived for pure cultures? How do you
bridge the gap between the “closed system” equations and
the application to the “open system”? To explore this, we
will brieﬂy explore how SALP changes between closed
and open systems in two extreme cases: (a) Deep-sea tem-
perature (2 C), low sedimentation rate (103 cm year1)
and slow net sulfate reduction rate (low as 1012 mol cm3
year1), typical of deep-sea environments versus (b) Surface
temperature (25 C), high sedimentation rate (101 cm
year1) and high net sulfate reduction rate (5  104 mol
cm3 year1) conditions similar to shallow marginal-marine
Fig. 7. Pore ﬂuid proﬁles in the Yarqon estuary at sites Y1 (ﬁlled symbols) and Y2 (open symbols) of SO4
2 (a), d18OSO4 (b), and d
34SSO4 (c).
Pore ﬂuid proﬁles in the Mediterranean Sea at sites HU (ﬁlled symbols), BA1 (gray symbols) and P130 (open symbols) of SO4
2 (d), d18OSO4
(e) and d34SSO4 (f). Pore ﬂuid proﬁles in ODP Sites 807 (ﬁlled symbols) and 1052 (open symbols) of SO4
2 (g), d18OSO4 (h) and d
34SSO4 (i).
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system” solution for a given mechanism, or intracellular
ﬂuxes during BSR, and then separately calculated the
“open system” for the same mechanism give the natural
conditions described above. For the entire model descrip-
tion see Appendix C.Fig. 8 presents the calculated open system versus closed
system SALP for the two extreme environments, as func-
tion of the change in X3 (where X1 is ﬁxed and equal to
0.99). It can be seen that in applying the close system solu-
tion to the open system can lead to underestimation of as
much as 10% in the value of X3 (For changes in X1, the
Fig. 8. The SALP and function of X3 (where X1 is ﬁxed and close to unity) for three diﬀerent scenarios: Closed system (according to Eq. (11)),
simulation of typical deep-sea sediment and simulation of typical estuary sediment.
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are vastly diﬀerent physical parameters between these two
synthetic sites, the resulting calculated SALPs are not sig-
niﬁcantly diﬀerent. This similarity in calculated SALP is be-
cause the main diﬀerence moving to an open system from a
closed system is the change the relative diﬀusion ﬂux of any
of the isotopologues. We conclude that we can read the
SALP from d18OSO4 and d
34SSO4 pore ﬂuid proﬁles (e.g.
Fig. 2) and apply our closed system model to understand
the mechanism, with the caveat that we have error bars
on our resulting interpretation.
5.2. What controls the relative evolution of d18OSO4 vs.
d34SSO4 in marine sediments during BSR
It has been suggested that in the natural environment as
well as in pore ﬂuids, the relative evolution of d18OSO4 vs.
d34SSO4 (SALP) is connected to the overall sulfate reduction
rate (Bo¨ttcher et al., 1998, 1999; Aharon and Fu, 2000;
Brunner et al., 2005). We further suspect that the relative
evolution provides information about the mechanism, or
individual intracellular steps, during BSR. A plot of our
data in d18OSO4 vs. d
34SSO4 space displays a close-to-linear
relationship between d18OSO4 and d
34SSO4 (Fig. 9). The
slope, however, varies greatly among the diﬀerent sites
(Fig. 9). In general, the sites from the shallower estuary
environments have a more moderate slope (0.35–0.44),
meaning the sulfur isotopes increase rapidly relative to
the oxygen isotopes, while the shallow marine sediments
have steeper slopes (0.99–1.1), and the deep-sea sediments
have the steepest slopes (1.7 and 1.4, respectively). The
ODP Sites thus show the fastest increase in the d18OSO4 rel-
ative to the d34SSO4 compared with the shallower sites. The
changes in the slope among the diﬀerent sites correlates
with the depth dependent sulfate concentration proﬁles,
where the higher the rate of change in the sulfate concentra-
tion with depth below the sediment–water interface, the
lower the slope, or the more quickly the sulfur isotopes
evolve relative to the oxygen isotopes. Site P130 (Mediter-ranean) is the exception and does not show a linear rela-
tionship between d18OSO4 and d
34SSO4 , likely due to poor
sampling resolution.
Previous studies have shown a similar initial linear rela-
tionship between d18OSO4 and d
34SSO4 , with the slope rang-
ing between 1:1.4 (=0.71 compared to our cross plots,
Aharon and Fu, 2000) to 1:4.4 (=0.22, Mandernack
et al., 2003). Our data (Fig. 9) displays a wider variation
in slope than previously reported, as anticipated in this
study. Most authors have attributed the linear evolution
of sulfur versus oxygen isotopes in sulfate during BSR to
a fully kinetic isotope eﬀect in a closed system under ‘Ray-
leigh distillation’, neglecting equilibrium oxygen isotope
fractionation. The SALP, however, includes the equilibrium
oxygen isotope eﬀect during initial BSR prior to reaching
apparent equilibrium.
We calculated the net sulfate reduction rate (nSRR)
from each site from a curve ﬁt of the sulfate concentration
proﬁles in the pore ﬂuids using the general diagenetic equa-
tion (Berner, 1980). As sulfate from the ocean diﬀuses into
the sediments to be reduced to sulﬁde, the length, or depth,
scale over which sulfate concentrations decrease relates to
the overall rate of sulfate reduction. We assume the sulfate
concentration is in steady state (this is based on the fact
that the age of the sediments at all the sites in this study
is much higher than the characteristic timescale of diﬀusion)
and no advection. However, we acknowledge that these
assumptions may be wrong in some of our sites. To aug-
ment our data we also present nSRR from pore ﬂuids pro-
ﬁles in previously published studies, where sulfate
concentrations and sulfur and oxygen isotopes in sulfate
were published. This allows us to scale our results and mod-
el to an even wider range of environments than those we di-
rectly measured. Table EA.1 in the Electronic Annex
summarizes data from the literature and the location for
each site.
In this larger dataset, the inverse of the slope between
d18OSO4 vs. d
34SSO4 is positively correlated with the loga-
rithm of the nSRR (Fig. 10). This observation conﬁrms
Fig. 9. d18OSO4 vs. d
34SSO4 data in pore ﬂuid sulfate of all studied sites. The lines are the linear regressions for Sites Y1, HU and 807.
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gested that increases in overall nSRR, would result in de-
creases in the expressed sulfur and oxygen isotope
fractionation, and thus the shape of d18OSO4 vs. d
34SSO4 in
sedimentary pore ﬂuids.
5.3. The mechanism of BSR in marine sediments
Our compilation from pore ﬂuids in a diverse range of
natural environments suggests a correlation between the
SALP and the nSRR (Fig. 10). This association may pro-
vide further understanding about the mechanism of BSR
in the natural environment. Combining the ﬁrst order
approximation for the SALP (Eq. (7)) together with Eqs.
(8)–(10) yields:Fig. 10. The slope of d34SSO4 vs. d
18OSO4 in the apparent linear phase of B
pore ﬂuid proﬁles. Data are presented from this study (open circles) and fr
the site’s name (the coresponding references for each site are given in TaSALP ¼ 1
1 X 1  X 3

e18Of 1
X 1 X 3 þ
e18Of 3
X 1
þ d18OH2O þ e18Oexchange  d18OSO4ð0Þ
e34Sf 1
X 1 X 3 þ
e34Sf 3
X 1
þ e34Sf 4
ð11Þ
Eq. (11) shows that the SALP is a function of both X1 and
X3 and does not depend on one more than the other. Hence,
a change in the SALP does not necessarily tell us which one
of the above (X1 or X3) plays more important role in the rel-
ative evolution of d18OSO4 vs. d
34SSO4 .
In order to address the question of the relative impor-
tance of X1 vs. X3 in the natural environment, we solved
Eq. (5) for three diﬀerent cases:SR vs. the average nSRR, as deduced from our data and worldwide
om other references (close circles). The labels of each point indicate
ble EA.1 in the Electronic Annex).
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ﬂow of sulfate in and out of the cell varies but the
recycling of sulﬁte is ﬁxed such that nearly all the sul-
ﬁte is reoxidized back to the internal sulfate pool.
(2) X3 varies and X1 is ﬁxed (close to unity) – that is the
percentage of the recycling of the sulﬁte varied but
the ﬂow of sulfate in and out of the cell is ﬁxed such
that nearly all the sulfate that is brought into the cell
exit the cell eventually.
(3) Both X1 and X3 vary simultaneously.
The initial condition for this calculation is set by the
isotopic composition of surface seawater sulfate (roughly
10& and 20& for oxygen and sulfur isotopes, respec-
tively). The kinetic sulfur isotope eﬀect for each step is
similar to the values previously described (Rees, 1973).
The kinetic oxygen isotope fractionation is taken to be
1/4 of the fractionation of the sulfur isotope (Mizutani
and Rafter, 1969). The total equilibrium oxygen isotope
fractionation between sulﬁte and the AMP-sulﬁte com-
plex and ambient water is taken as 17&, which produces
an apparent equilibrium of about 22& in the case where
X1 and X3 equal 1 (Eq. (8)). As discussed in the introduc-
tion, it is enigmatic what impact temperature has on the
d18OSO4ðA:EÞ. We therefore consider equilibrium oxygen
isotope fractionation between sulﬁte and the AMP-sulﬁte
complex and ambient water as constant among the diﬀer-
ent environments (Eq. (8)). The results from this calcula-
tion are shown in Fig. 11a–c, with the measured data
included for comparison in Fig. 11d.
The model solution for d18OSO4 and d
34SSO4 , when vary-
ing X3 only (Fig. 11b) ﬁts the general behavior of pore
ﬂuid sulfur and oxygen isotopes (Fig. 11d) highlighting
the importance of X3 on the relative evolution of
d18OSO4 and d
34SSO4 in the natural environment. The
best-ﬁt curves for the pore ﬂuids in this study are pre-
sented as the solid lines in Fig. 11d. This calculation sug-
gests values for X1 near unity (ranging between 0.96 and
0.99 – indicating up to 99% of the sulfate brought into
the cell is ultimately recycled back out the cell). However,
we suggest that this kind of forward modeling is not accu-
rate enough to estimate the real values for X1 and X3 in
natural environments due to the uncertainty with the val-
ues in our model as well as the application of a closed sys-
tem model to pore ﬂuids. Therefore, changes in X1 may be
more important to the relative evolution of d18OSO4 vs.
d34SSO4 than our calculation suggest. In addition, our solu-
tion is valid only if BSR is the only process that aﬀects
sulfur and oxygen isotopes in sulfate – which may not
be the case. Other subsurface processes can also aﬀect this
evolution, such as pyrite oxidation (e.g. Balci et al., 2007;
Brunner et al., 2008; Heidel and Tichomirowa, 2011; Kohl
and Bao, 2011) or sulfur disproportionation (Cypionka
et al., 1998; Bo¨ttcher et al., 2001, 2005; Bo¨ttcher and
Thamdrup, 2001).
Although most of the sites with d18OSO4 and d
34SSO4 data
seem to ﬁt our model, our closed system model cannot rep-
licate scenarios where the apparent equilibrium values are
relatively high (26–30&) together with a steep SALP (high-
er than 1) in the uppermost sediments. As a result, byapplying the closed system model, we cannot simulate data
from Sites like ODP Site 1225 (Blake et al., 2006; Bo¨ttcher
et al., 2006) and ODP Site 1130 (Wortmann et al., 2007).
We suggest that this may be an artifact of the uncertainty
in the values of the oxygen isotopic fractionation during
various intracellular processes or erroneous model assump-
tions; these include the possible importance of temperature
on oxygen exchange with ambient water (e.g. Fritz et al.,
1989; Zeebe, 2010) or our assumption that this isotope ex-
change is complete, which it may not be (Brunner et al.,
2012). The high sulfur isotope fractionation (>40&) at
these sites is consistent with the occurrence other complicat-
ing factors, such as activation of the trithionite pathway or
subsurface sulfur disproportionation (Canﬁeld and Thamd-
rup, 1994; Brunner and Bernasconi, 2005) that may skew
the SALP, but which our model does not take into account.
5.4. The role of sulﬁte reoxidation in marine sediments
Our model suggests that X3 varies between 0.4 and 1 in
the natural environments we studied (Fig. 11), and is inver-
sely correlated with nSRR. This hints that the reduction of
sulﬁte to sulﬁde (Step 4) is connected to nSRR in marine
sediments and may be the “bottleneck reaction”, or signif-
icant branching point, for overall BSR. The faster the
reduction of sulﬁte to sulﬁde, and therefore faster overall
SRR, less sulﬁte is being reoxidaized back to the outer sul-
fate pool. But what environmental or natural parameters
control the functioning of this bottleneck?
We attribute secondary importance to pressure diﬀer-
ences (also Vossmeyer et al., 2012) among natural environ-
ments, since we found similar isotope behavior among sites
that varied in water depth (i.e. pressure). Similar to Kaplan
and Rittenberg (1964) and Bradley et al. (2011), we specu-
late that one of the major environmental factors that could
impact the diﬀerent behavior of the communities of sulfate
reducing bacteria might be related to the supply of the elec-
tron from the electron donor or carbon source. It has been
shown that the nature and concentration of diﬀerent elec-
tron donors is connected to the dynamics of each step dur-
ing BSR (Bru¨chert, 2004; Sim et al., 2011b), and the overall
nSRR (e.g. Westrich and Berner, 1984). Our data suggest
that the higher the nSRR, the lower the sulﬁte reoxidation
(over step 4, sulﬁte reduction). This recycling of sulﬁte
likely plays a critical role during BSR in marine sediments.
One possibility is that where the availability of the electron
donor is low (less organic matter availability), such as in
deep marine sediments, sulfate reducing bacteria might
maintain high intracellular concentrations of sulﬁte, which
is manifest geochemically as the rapid change in d18OSO4 rel-
ative to the slower change in d34SSO4 . This could be con-
trasted with environments where there is high organic
matter availability (for example marginal and shallow mar-
ine environments) where signiﬁcant concentrations of intra-
cellular sulﬁte would be unnecessary. Although highly
speculative, we suggest there is a relationship between the
concentration of intracellular sulﬁte and the availability
of the electron donor in the natural environment. Our data
suggests that this relationship may impact the relative ﬂuxes
within the bacterial sulfate reducing community.
Fig. 11. Schematic d18OSO4 vs. d
34SSO4 plots, where X1 varies and X3 is ﬁxed (close to unity) (a), X3 varies and X1 is ﬁxed (close to unity) (b),
both X1 and X3 vary simultaneously (c) and d18OSO4 vs. d
34SSO4 data of pore ﬂuid sulfate, the solid lines are the best-ﬁt solution for X1 and X3
for each site as the color of the line is corresponding to the calculated X3 value (d).
(a)This study, (b)Aharon and Fu (2000), and (c)Turchyn
et al. (2006). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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marine environment, it is likely that our results are applica-
ble to BSR in other systems including freshwater and
groundwater systems. In these environments the hydrology
is much more poorly constrained and the eﬀects of advec-
tion and dispersion must be considered (Kno¨ller et al.,
2007). While we have taken the ﬁrst steps towards expand-
ing the applicability of this isotope approach to resolving
mechanism, the next logical steps would be to extend the
approach to the terrestrial environment where BSR can
play a critical role in water quality.
6. SUMMARY AND CONCLUSIONS
In this study we presented pore ﬂuid measurements of
d34SSO4 and d
18OSO4 from seven new sites spanning a shal-
low estuary to a deep-sea sediment. These pore ﬂuid proﬁles
exhibited behavior similar to previously published pore
ﬂuid proﬁles; the d34SSO4 increases monotonically during
bacterial sulfate reduction, while the d18OSO4 increased
and at some point levels oﬀ, when it has reached apparent
equilibrium. When we plot the d34SSO4 vs d
18OSO4 in thislarge range of natural environments we explored the reason
behind the change in slope of d34SSO4 vs d
18OSO4 . Combin-
ing our results with literature data, we demonstrated that
the slope of this line correlated to the net sulfate reduction
rate, as has been suggested in previous studies. At sites with
high sulfate reduction rates, the d18OSO4 increases more
slowly relative to the d34SSO4 , where at sites with lower sul-
fate reduction rates, the d18OSO4 increases more quickly rel-
ative to the d34SSO4 . We reformulated the widely used model
for the relative evolution of sulfur and oxygen isotopes in
sulfate during BSR. We used this new model with our data
to explore how the intracellular ﬂuxes impact the evolution
of d18OSO4 vs. d
34SSO4 during bacterial sulfate reduction.
Our new data, together with our new model, suggested
that the most signiﬁcant factor controlling the evolution
of d18OSO4 vs. d
34SSO4 in the natural environment is the ratio
between the ﬂuxes of intracellular sulﬁte oxidation and APS
reduction (X3). The variation in the ratio and its correlation
to the nSRR implies that sulﬁte reduction may be the bot-
tleneck reaction during BSR. We suggested that this recy-
cling allows sulfate reduction to proceed even when the
organic matter availability is low.
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APPENDIX A. COMPUTING h0/ DIAGRAM
First, we consider the following reaction:
At steady ﬂow the mass balance equation for the sulfate
can be written as:
d½SO42
dt
¼ b1  f1 ðA:1Þ
And therefore:
dt ¼ d½SO4
2
b1  f1 ðA:2Þ
If the oxygen isotopic exchange between the sulﬁte and
the ambient water >> than u1, u2, u3, the isotopic mass
balance equation for d18OSO4 can be written as:
dð½SO42  d18OSO4Þ
dt
b1  ðd18OH2O þ e18OexchangeÞ  f1
 ðd18OSO4  e18Of 1Þ ðA:3Þ
According to the derivative’s chain rule and Eq. (A.1):
dð½SO42  d18OSO4Þ
dt
¼ ½SO42 
dðd18OSO4Þ
dt
þ d18OSO4  ðb1  f1Þ ðA:4Þ
And therefore the combination between Eqs. (A.3) and
(A.4) gives:½SO42 
dðd18OSO4Þ
dt
¼ b1  ðd18OH2O þ e18Oexchange
 d18OSO4Þ þ f1  ðe18Of 1Þ ðA:5Þ
Rearranging Eq. (A.5) results with:
dt
½SO42
¼ dðd
18OSO4Þ
b1  ðd18OH2Oþ e18Oexchanged18OSO4Þþ f1  ðe18Of 1Þ
ðA:6Þ
The combination between Eqs. (A.6) and (A.2) yields:
1
b1 f1 
d½SO42
½SO42
¼ dðd
18OSO4 Þ
b1  ðd18OH2Oþ e18Oexchanged18OSO4 Þþ f1  ðe18Of 1Þ
ðA:7Þ
The solution of Eq. (A.7) with the initial conditions of
d18OSO4ð0Þ and ½SO42ð0Þ at t = 0.
ln
b1  ðd18OH2O þ e18Oexchange  d18OSO4Þ þ f1  ðe18Of 1Þ
b1  ðd18OH2O þ e18Oexchange  d18OSO4ð0Þ Þ þ f1  ðe18Of 1Þ
 !
¼ b1
b1  f1  ln
½SO42
½SO42ð0Þ
 !
ðA:8Þ
Deﬁning b1f1  X 1
ln
d18OH2O þ e18Oexchange  d18OSO4 þ 1X 1  ðe18Of 1Þ
d18OH2O þ e18Oexchange  d18OSO4ð0Þ þ 1X 1  ðe18Of 1Þ
 !
¼  X 1
1 X 1  ln
½SO42
½SO42ð0Þ
 !
ðA:9Þ
According to Turchyn et al. (2010):
d18OSO4ðA:EÞ ¼ d18OH2O þ e18Oexchange þ
1
X 1
 ðe18Of 1Þ ðA:10Þ
Embedding Eqs. (A.10) into (A.9):
ln
d18OSO4ðA:EÞ  d18OSO4
d18OSO4ðA:EÞ  d18OSO4ð0Þ
 !
¼  X 1
1 X 1  ln
½SO42
½SO42ð0Þ
 !
ðA:11Þ
and can be written in more general form:
ln
d18OSO4ðA:EÞ  d18OSO4
d18OSO4ðA:EÞ  d18OSO4ð0Þ
 !
¼ h0  ln ½SO4
2
½SO42ð0Þ
 !
ðA:12Þ
where h0 is only a function of the ratio between the back-
ward and forward ﬂuxes.
According to Rayleigh distillation:
d34SSO4  d34SSO4ð0Þ
e34Stotal
¼ ln ½SO4
2
½SO42ð0Þ
 !
ðA:13Þ
d18OSO4ðtÞ ¼
e18Ototal
e34Stotal
 ðd34SSO4ðtÞ  d34SSO4ð0ÞÞ þ d18OSO4ð0Þ; X 1  X 2  X 3 ¼ 0
d18OSO4ðA:EÞ  exp h0  d
34SSO4ðtÞd34SSO4ð0Þ
e34Stotal
 
 ðd18OSO4ðA:EÞ  d18OSO4ð0ÞÞ; 0 < X 1  X 2  X 3 < 1
8<
: ðA:15Þ
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ln
d18OSO4ðA:EÞ  d18OSO4
d18OSO4ðA:EÞ  d18OSO4ð0Þ
 !
¼ h0  d
34SSO4  d34SSO4ð0Þ
e34Stotal
ðA:14Þ
This relationship should be conserved at higher reaction
complexity (e.g. the reaction presented in Fig. 1—Brunner
et al., 2005, 2012 and according to a numerical solution
in those works that is not presented here).
Based on these assumptions, the solution for d18OSO4 with
initial conditions at t = 0, d18OSO4ðt¼0Þ ¼ d18OSO4ð0Þ and
d34SSO4ðt¼0Þ ¼ d34SSO4ð0Þ for d18OSO4ðtÞ and d34SSO4ðtÞ yields the
continuous solution for d18OSO4ðtÞ (After Brunner et al., 2012):
where d18OSO4ðtÞ is the oxygen isotopic composition of the
residual sulfate at time t, d18OSO4ðA:EÞ is the oxygen isotopic
composition of the residual sulfate at apparent equilibrium
(see Section 1.2 above) and d18OSO4ð0Þ is the oxygen isotope
composition of the initial sulfate. d34SSO4ðtÞ is the sulfur isoto-
pic composition of the residual sulfate at time t, d34SSO4ð0Þ is
the initial sulfur isotopic composition of the residual sulfate,
e34Stotal e
18Ototal are the overall expressed sulfur and oxygen
isotope fractionation, respectively, and h0 is a parameter ini-
tially formulated by Brunner et al. (2005). According to
Brunner et al. (2005), this parameter (h0) measures the ratio
between the apparent oxygen isotope exchange and sulfate
reduction rate. However, since we assumed instantaneous
isotopic equilibrium with the ambient water, in our case this
parameter should only be a function of the ratio between the
backward and forward ﬂuxes, and is less impacted by
changes in the initial isotopic composition of the sulfate,
the isotopic composition of the water, the kinetic isotope
fractionation factor for step 3, or the magnitude of the frac-
tionation factor during oxygen isotopic exchange (Brunner
et al. (2012)).
APPENDIX B. MODIFICATION OF THE APPARENT
EQUILIBRIUM
Considering the reaction as in Fig. 3:
At steady state:
d
dt
ðSO4ðexÞ2Þ ¼ f1 þ b1
d
dt
ðSO4ðinÞ2Þ ¼ 0
 f1 þ b1 ¼ f3 þ b3
The mass balance equation for d18OSO4ðexÞ :
d
dt
ðSO4ðexÞ2  d18OSO4ðexÞ Þ ¼  f1  ðd18OSO4ðexÞ  e18Of 1Þ
þ b2  ðd18OSO4ðinÞ Þ ðB:1ÞThe mass balance equation for d18OSO4ðinÞ :
d
dt
ðSO4ðinÞ2  d18OSO4ðinÞ Þ ¼ f1  ðd18OSO4ðexÞ  e18Of 1Þ
 b1  ðd18OSO4ðinÞ Þ     f3
 ðd18OSO4ðinÞ  e18Of 3Þ
þ b3  ðd18OH2O
þ e18OexchangeÞ ðB:2Þ
At apparent equilibrium the change with time of
d18OSO4ðexÞ , d
18OSO4ðinÞ and SO
2
4ðinÞ are equal 0 and therefore;
Eq. (A.2.1) can be written as:
d18OSO4ðexÞ 
f1
f2
e18Of 1 ¼ d18OSO4ðinÞ ðB:3Þ
And Eq. (B.2) can be written as:
f1  ðd18OSO4ðexÞ  e18Of 1Þ þ b1  ðd18OSO4ðinÞ Þ
¼ f3  ðd18OSO4ðinÞ  e18Of 3Þ þ b3  ðd18OH2O
þ e18OexchangeÞ ðB:4Þ
Combination of Eqs. (B.3) and (B.4) and the Steady
state conditions results in the modiﬁed term for apparent
equilibrium:
d18OSO4ðexÞ ¼ d18OH2O þ e18Oexchange þ
e18Of 3
X 3
þ e
18Of 1
X 1  X 3 ðB:5ÞAPPENDIX C. OPEN SYSTEM MODEL
DESCRIPTION
In order to investigate to what extent the closed system
model can be apply to an open system (such as natural envi-
ronmental pore ﬂuids), we generated sulfate, d18OSO4 and
d34SSO4 synthetic proﬁles for two extreme cases in this
study, deep sea sedimentary pore ﬂuids and estuarine sedi-
mentary pore ﬂuids. The proﬁles were generated using the
general diagenetic equation (Berner, 1980):
@uCi
@t
¼ u @
@Z
Ds
@Ci
@Z
 
 uðU þ xÞ @Ci
@z
 RRi ðC:1Þ
where Ci represents each of the diﬀerent sulfate isotopo-
logues (in our case 32S16O24 ;
34S16O24 ; S
18O16O23 as we con-
sidered all other species as much less abundant)
consecrations in mass per unit volume of total sediment, t
is time, Z is the depth in unit length, / is the porosity ,
Ds is the diﬀusion coeﬃcient in unite of length square per
time, U is the velocity of ﬂow relative to the sediment-water
interface in units of length per time, x is the rate of burial of
the layer below the sediment-water interface in units of
length per time and Ri is the reaction rate in units of mass
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tion and uniform porosity throughout the sediment col-
umn. In addition the sulfate reduction rates were
considered as constant in space and time (the SRR of each
sulfate species was calculated using the overall SRR and the
expected change in d18OSO4ðt¼0Þ and d
34SSO4 according to our
close system model—see Section 4). Therefore Eq. (C.1) can
be written as:
u
@Ci
@t
¼ u  Ds @
2Ci
@X 2
 u  x @Ci
@z
 SRRðCiÞ ðC:2Þ
We solved Eq. (C.2) using ﬁnite diﬀerence. The concentra-
tion of the sulfate species isotopologues were initiated from
seawater values throughout the entire sediment. The con-
centrations at the top and the bottom of the sediment were
ﬁxed to the initial concentration as boundary conditions.
We let the proﬁles reach steady state (we deﬁne steady state
when the maximum diﬀerent between the concentrations
two time intervals at given depth is smaller than 10 orders
of magnitudes than the concentration at this depth). The
parameters that been used for each on of the cases in order
to solved Eq. (C.2) are given in Table EA.1.
APPENDIX D. SUPPLEMENTARY DATA
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2013.05.005.
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